Introduction {#s1}
============

The investigation of differences between men and women has been of great interest to the neuroscience community, as structural and functional aspects of the human brain show marked sex differences. This includes macroscopic features like differences in overall brain ([@BHU194C16]) and lobar volumes ([@BHU194C1]), gray/white matter ratio and corpus callosum size ([@BHU194C30]). On a regional level, such volumetric sex differences ([@BHU194C9]) reflect differential cognitive abilities between women and men regarding language and visuo-spatial processing ([@BHU194C20]). Investigations on gray and white matter microstructure showed further sex-specific differences when assessing gray matter volume ([@BHU194C12]; [@BHU194C32]), cortical thickness ([@BHU194C50]), diffusivity metrics of major fiber tracts ([@BHU194C23]), volumes of subcortical cell groups ([@BHU194C51]; [@BHU194C60]) as well as neurochemical differences ([@BHU194C13]) such as the serotonin transporter lateralization ([@BHU194C27]). These structural findings are complemented by functional differences in neuronal activation ([@BHU194C47]) as well as network characteristics of functional and structural connectivity ([@BHU194C6]; [@BHU194C18]; [@BHU194C58]).

Our understanding of sex differences in the human brain is reflected in gender differences and endocrine influences in the prevalence and treatment of various psychiatric disorders ([@BHU194C3]). In this context, it is particularly interesting to study gender identity disorder. This disorder is characterized by the strong desire to belong to the gender opposite from their biological sex, which is often accompanied by emotional and social burden. Subsequently, patients often seek hormonal treatment and sex reassignment surgery in order to allow for more congruence between gender identity and appearance. This divergence between gender identity and biological sex has been proposed to emerge from the temporal difference between sexual differentiation of the genitals and the brain ([@BHU194C52]; [@BHU194C3]). Specifically, the biological effect or lack of testosterone during 6--12 weeks of pregnancy leads to the formation of male or female sexual organs, respectively. In contrast, sexual differentiation of the brain occurs in the second half of pregnancy by organizing effects of sexual hormones. Hence, these developmental processes are independent and chronologically separated, so that masculinization of the genitals may not necessarily reflect that of the brain.

Accordingly, various studies report closer resemblance between transgender people and control subjects with the same gender identity than to those sharing their biological sex. This includes local differences in the number of neurons and volume of subcortical nuclei ([@BHU194C60]; [@BHU194C15]), functional alterations of regional cerebral blood blow ([@BHU194C35]) and neuronal activation ([@BHU194C46]) as well as structural differences of gray ([@BHU194C48]) and white matter microstructure ([@BHU194C40]; [@BHU194C41]). Although transsexual people exhibit similar hormonal levels in adulthood as control subjects of the same biological sex, these studies indicate a transition of specific characteristics of their brains to the actual gender identity (i.e., feminization or masculinization).

In addition to the reported regional features, it is important to take into account characteristics of the human brain on a network level. Such connectivity analyses enable an investigation of interactions across brain regions and hence have provided valuable insights in fundamental human brain function ([@BHU194C6]), sex-specific differences ([@BHU194C18]; [@BHU194C54]), and psychiatric disorders ([@BHU194C8]). However, to date only 1 case report ([@BHU194C43]) and 2 studies on functional connectivity are available ([@BHU194C29]; [@BHU194C31]), whereas structural networks of transsexual patients have not been assessed yet.

To address this issue, we investigated structural connectivity networks of female-to-male and male-to-female transsexuals as compared with healthy subjects. Applying graph theoretical analyses on networks obtained with probabilistic tractography, we evaluated global, hemispheric, lobar, and local connectivity metrics based on previously reported sex differences of the structural connectome ([@BHU194C19]; [@BHU194C24]).

Methods {#s2}
=======

Subjects {#s2a}
--------

In total, 94 subjects were included in this study. The sample comprised 23 female-to-male (FtM, mean age ± SD = 26.9 ± 7.1 years) and 21 male-to-female (MtF, 30.9 ± 8.4 years) transgender outpatients. For comparison, 25 healthy female (FC, 25.3 ± 6.2 years) and 25 male controls (MC, 25.6 ± 4.8 years) were included in the study. In transgender patients, diagnosis of gender identity disorder was assessed by the Structured Clinical Interview for the Diagnostic and Statistical Manual of Mental Disorders, 4th edition (DSM-IV) by an experienced psychiatrist at the screening visit. Briefly, this was diagnosed as a strong and persistent (\>6 months) cross-gender identification and discomfort with the current sex, causing clinically significant distress or impairment in social, occupational, or other areas of functioning. Of note, the term gender identity disorder has changed to gender dysphoria in DSM-5 with a focus on dysphoria as a clinical problem (rather than the identity per se) and to avoid stigmatization. Transsexual subjects did not fulfill criteria for current comorbidities but 9 reported history of depression (*n* = 2), specific phobias (*n* = 3), obsessive compulsive disorder (*n* = 1), anorexia nervosa (*n* = 2), and substance abuse (*n* = 4). All patients reported subjective feelings to belong to the other gender before or at puberty, they wanted sex reassignment independent of study participation, and they underwent magnetic resonance imaging (MRI) scanning before onset of their hormonal treatment and surgery. All subjects underwent standard medical examinations with routine laboratory blood and pregnancy tests, electrocardiography, and assessment of general physical and neurological status. Exclusion criteria were presence or history of any severe physical or neurological disorders (and psychiatric disorders for healthy controls), substance abuse, intake of psychotropic medication and hormones (including contraceptives), pregnancy, and contraindications to MRI scanning. All subjects provided written informed consent after detailed explanation of the study protocol, and they were reimbursed for participation. This study was approved by the Ethics Committee of the Medical University of Vienna, and procedures were performed according to the Declaration of Helsinki.

Magnetic Resonance Imaging {#s2b}
--------------------------

All MRI measurements were obtained on a 3-Tesla scanner (Siemens Trio) using a 32-channel head coil. Diffusion-weighted images (DWIs) were acquired with a single-shot diffusion-weighted echo planar imaging sequence (TE/TR = 83/8700 ms, flip angle = 90°, image resolution 1.64 mm isotropic, b-value = 800 s/mm^2^) in 30 diffusion-encoding directions and 1 non-diffusion-weighted b0-image. In addition, structural images were acquired in the same scanning session. Here, a T1-weighted magnetization-prepared rapid gradient echo sequence was used (TE/TR = 4.2/2300 ms, spatial resolution = 1.1 × 1 × 1 mm).

T1-Weighted Image Processing {#s2c}
----------------------------

Since men and women differ in overall brain size ([@BHU194C1]; [@BHU194C19]; [@BHU194C16]), the total intracranial volume (TIV) was extracted from T1-weighted images for inclusion in the statistical analyses. Using the DARTEL module as implemented in the VBM8 toolbox (<http://dbm.neuro.uni-jena.de/vbm/>) for SPM8 (<http://www.fil.ion.ucl.ac.uk/spm/>), structural scans were individually segmented into gray and white matter as well as cerebrospinal fluid. The TIV was calculated as the sum of these 3 parameters.

Diffusion-Weighted Image Preprocessing and Tractography {#s2d}
-------------------------------------------------------

Data preprocessing and tractography were carried out with the FMRIB software library (FSL v5.0.5, <http://fsl.fmrib.ox.ac.uk/fsl/fslwiki/>) using default parameters unless specified otherwise. This included adjustment for eddy currents as well as removal of the skull and non-brain tissue with the brain extraction tool. Probabilistic tractography was done with FSL\'s Diffusion Toolbox in individual space ([@BHU194C5]). First, local diffusion parameters were computed with 5000 sample streamlines and 2 fiber directions per voxel ([@BHU194C4]). This enables modeling of crossing fibers and tracking of non-dominant pathways. Second, whole-brain gray matter structural connectivity was computed using probabilistic tractography (matrix 3 mode). Here, sample streamlines are seeded from all voxels of the white matter, and a connection is detected if the streamline hits any 2 voxels of the gray matter target mask. Gray and white matter were given by an automated anatomical labeling-based gray matter atlas ([@BHU194C45]) and the DTI-81 white matter atlas (80% probability) of the International Consortium for Brain Mapping (ICBM) as provided in DiffeoMap, respectively. Of note, these atlases were only used for tractography, but not for the estimation of total brain volume (see T1-weighted image processing mentioned above). To register the 2 atlases to individual space, the ICBM T2-weighted image template was spatially normalized to each subject\'s b0-image and the transformation matrix was applied to the gray and white matter atlases. For computational reasons, the gray matter target mask was reduced to the perimeter voxels after transformation to individual space.

Connectivity Matrix and Graph Theoretical Parameters {#s2e}
----------------------------------------------------

For each subject, a weighted undirected (symmetric) structural connectivity matrix was constructed between the 89 gray matter regions of interest (ROIs) as described previously ([@BHU194C19]; [@BHU194C7]; [@BHU194C56]). Weighted networks are advantageous as the relation between different structural connections is preserved (instead of assigning equal weights to all tracts), and they are independent of network density thresholds ([@BHU194C19]; [@BHU194C42]). The connection probability *P*~ij~ between any 2 ROIs i and j was defined as the total number of streamlines connecting the 2 regions (*S*~ij~) divided by the number of sampled streamlines (5000 per voxel). To adjust for differences in ROI size, this was further normalized by the surface area of the 2 regions (i.e., the number of voxels *m*~i~ and *m*~j~):$$P_{ij} = \frac{S_{ij}}{5000(m_{i} + m_{j})}$$

To evaluate the structural network organization, graph theoretical analysis was applied, where a graph (network) can be represented by a set of nodes (brain regions), which are linked by edges (structural connections) ([@BHU194C10]). All graph theory metrics were computed for individual, non-thresholded, weighted connectivity matrices with the brain connectivity toolbox ([@BHU194C42]) in MatlabR2011a (MathWorks, Inc.), with parameters based on previous findings between men and women ([@BHU194C19]; [@BHU194C24]). For comparison, and to rule out potential bias of our results, we also computed graph metrics for thresholded connectivity matrices within a range of sparsities (i.e., network densities) between 10% and 50% with 5% steps. Brain networks were visualized with Brain Net Viewer ([@BHU194C57]).

The network organization was evaluated at different levels, starting with global efficiency and small-worldness for an overall network assessment ([@BHU194C42]). The global efficiency describes how well the network is connected and is defined as the inverse of the average (geodesic) shortest path length across all nodes. The composite parameter of small-worldness represents the ratio between the clustering coefficient (connectedness between adjacent nodes) and the shortest path length, both normalized by random network topology. Here, we used 100 random networks while preserving weight, strength, and degree distribution of the original network.

Next, structural connectivity networks were assessed at hemispheric and lobar levels by assigning the 89 ROIs to frontal, temporal, parietal, occipital, or subcortical/limbic lobes for the left and right hemisphere ([@BHU194C24]). The hemispheric connectivity ratio (HCR) was calculated as the ratio between intra- and inter-hemispheric connection weights of a particular lobe. To further specify which connections drive differences in the HCR, the lobar connectivity weight (LCW) was computed. This is given as the sum of connection weights within (e.g., frontal left--frontal left) or between different lobes (e.g., frontal left--frontal right, frontal left--temporal left). Finally, the local efficiency was computed for a network evaluation at the regional level. Similar to the global efficiency, the local metric is the inverse of the average shortest path length between a single node and all other nodes.

Statistical Analyses {#s2f}
--------------------

All statistics were computed in MatlabR2011a. To assess differences in overall brain size, a one-way analysis of variance (ANOVA) with 4 levels was calculated, followed by post hoc independent-samples *t*-tests between each of the groups. To compare graph metrics across groups, we applied random permutation testing to address the problem of multiple comparisons ([@BHU194C22]; [@BHU194C36]; [@BHU194C49]; [@BHU194C24]) with *N* = 10000 random permutations. This non-parametric method has the advantage of empirically deriving the distribution under the null hypothesis. Hence, it yields almost exact *P*-values with an (negligible) error of 1/*N* ([@BHU194C38]; [@BHU194C49]) and readily accounts for the multiple comparisons problem ([@BHU194C36]). To assess statistical comparisons between the 4 population groups, the observed effect was first computed by an F-statistic (*F*~observed~) for each network metric. For each permutation, subjects were then randomly assigned to any of the groups and the F-statistic was computed again (*F*~permuted~). The *P*-value of the observed effect was finally calculated at a significance level *α* = 0.05 as$$P = \frac{n(F_{permuted} \geq F_{observed})}{N}$$ where *N* represents the number of permutations.

Significant effects were evaluated post hoc in the same manner using a t-statistic to assess which of the groups differ from each other. To exclude potential bias due to differences in brain size ([@BHU194C1]; [@BHU194C16]), all statistical tests included TIV as nuisance covariate. Throughout the manuscript, superscript characters will be used to denote significant differences as compared with female controls (FC^a^), female-to-male transsexuals (FtM^b^), male controls (MC^c^), and male-to-female transsexuals (MtF^d^), with multiple characters indicating levels of significance (^a^*P* \< 0.05, ^aa^*P* \< 0.01, ^aaa^*P* \< 0.001).

Results {#s3}
=======

ANOVA indicated strong differences in TIV across the 4 groups (*F*~3,90~ = 20.7, *P* \< 10^−9^). Subsequent analysis showed lowest brain size for FC (TIV = 1344 ± 89mL^ccc,ddd^) and FtM (1344 ± 104mL^ccc,dd^), highest for MC (1546 ± 112mL^aaa,bbb,dd^), and intermediate for MtF (1453 ± 118mL^aaa,bb,cc^). Hence, the following results are reported after correcting for TIV.

Small-worldness was high for all 4 population groups, indicating good separation of structural networks from random topology. Global graph metrics were not significantly different between the 4 groups for small-worldness (FC = 2.96 ± 0.35, FtM = 3.10 ± 0.43, MC = 2.97 ± 0.41, MtF = 2.90 ± 0.38, *P* = 0.15) nor global efficiency (FC = 0.037 ± 0.008, FtM = 0.034 ± 0.009, MC = 0.037 ± 0.008, MtF = 0.041 ± 0.009, *P* = 0.12). In contrast, significant differences between the population groups were observed at the hemispheric, lobar, and regional levels (all *P* \< 0.05).

More specifically, the HCR was lower in both transsexual patient groups as compared with healthy controls (subcortical/limbic right) and in MtF relative to the other groups (subcortical/limbic left, Table [1](#BHU194TB1){ref-type="table"}). Evaluating these differences at the lobar level, significant differences in LCW were found mostly for 1 of the transsexual patient groups (Table [1](#BHU194TB1){ref-type="table"}, Fig. [1](#BHU194F1){ref-type="fig"}). Interestingly, we observed that the above-mentioned differences in HCR were driven by increased interhemispheric lobar connectivity in MtF but decreased intrahemispheric lobar connectivity in FtM. More specifically, MtF showed increased LCW for connections between left subcortical/limbic and right frontal regions as well as for right subcortical/limbic to left frontal, temporal, and subcortical/limbic connections. On the other hand, FtM exhibited decreased LCW for right subcortical/limbic regions connecting to right frontal and temporal areas. Table 1Structural connectivity differences in HCR and LCWFC^a^FtM^b^MC^c^MtF^d^Full and sparse matrices HCR  Subc./limbic L12.83 ± 6.4111.01 ± 6.1213.76 ± 8.33**8.22 ± 3.04^aa,(b),c^**  Subc./limbic R**10.66 ± 4.12^b,d^8.51 ± 4.06^a,c^11.95 ± 4.60^b,d^8.37 ± 5.04^a,c^** LCW  Subc./limbic L--frontal R0.14 ± 0.080.16 ± 0.100.15 ± 0.12**0.26 ± 0.23^(a),cc^**  Subc./limbic L--parietal L0.24 ± 0.100.24 ± 0.150.24 ± 0.13**0.34 ± 0.17^(a),(b),c^**  Subc./limbic L--subc./limbic R0.19 ± 0.130.21 ± 0.130.17 ± 0.11**0.28 ± 0.14^aa,b,c^**  Subc./limbic R--frontal L0.21 ± 0.100.21 ± 0.100.19 ± 0.11**0.32 ± 0.21^a,(b),c^**  Subc./limbic R--frontal R2.38 ± 0.69**1.93 ± 0.67^aa,cc,d^**2.44 ± 0.782.47 ± 0.87  Subc./limbic R--temporal R0.73 ± 0.34**0.51 ± 0.18^aa,cc,dd^**0.73 ± 0.27^(d)^0.84 ± 0.36^(c)^Full matrices only LCW  Subc./limbic R--temporal L0.005 ± 0.008^(b)^0.003 ± 0.005^(a)^0.004 ± 0.006**0.009 ± 0.011^b,c^**[^1][^2][^3] Figure 1.Average structural connectivity for female controls, female-to-male transsexuals, male controls, and male-to-female transsexuals for full (i.e., unthresholded connectivity matrices). Increased LCW was found in male-to-female transsexuals^a,b,c^ between right subcortical (subc.)/limbic and left subcortical/limbic lobes (red, top). Decreased LCW was found in female-to-male transsexuals^a,c,d^ between right subcortical/limbic and right temporal (temp.) lobes. Line thickness indicates connectivity weighting, whereas only connections with weights of \>0.001 are shown (arbitrary choice to remove spurious connections as probabilistic tractography represents the robustness of the modeled tracts against noise). Nodes represent region of interest centers for frontal (green), temporal (blue), parietal (cyan), occipital (magenta), and limbic/subcortical brain regions (yellow). Characters indicate significant differences as compared with female controls (a), female-to-male transsexuals (b), male controls (c), or male-to-female transsexuals (d), see Table [1](#BHU194TB1){ref-type="table"} for details. Axial images are in radiological view (i.e., left image side is right hemisphere).

These findings were further reflected on a local level, where MtF exhibited significantly increased but FtM showed reduced local efficiencies in several brain regions (Table [2](#BHU194TB2){ref-type="table"}). Differences between male and female controls were found mostly in areas of the right hemisphere, where males exhibited higher local efficiency (Table [2](#BHU194TB2){ref-type="table"}). Table 2Structural connectivity differences in local efficiency (× 10^−3^)Local efficiency (× 10^−3^)FC^a^FtM^b^MC^c^MtF^d^Full and sparse matrices Precentral gyrus L5.0 ± 1.5^(c)^5.2 ± 1.44.9 ± 1.7^(a)^**6.4 ± 1.8^aa,b,c^** Postcentral gyrus L4.2 ± 1.3^(d)^**4.1 ± 1.2^c,d^**4.0 ± 1.3^(d)^4.9 ± 1.4^(a),(c)^ Inferior occipital gyrus L**1.4 ± 0.7^b,d^1.1 ± 0.6^a,cc,ddd^1.8 ± 1.0^bb^2.0 ± 1.0^a,bbb^** Insula R10.5 ± 4.7**6.8 ± 2.5^aaa,c,ddd^**10.5 ± 4.511.4 ± 3.5 Inferior orbitofrontal cortex R4.5 ± 2.6^(c)^**3.1 ± 1.5^a,cc,dd^**4.6 ± 2.1^(a)^4.9 ± 1.9Full matrices only Insula L10.3 ± 3.9^(b),(d)^**8.6 ± 3.4^(a),dd^9.6 ± 3.5^d^12.3 ± 3.7^(a),bb,c^** Inferior frontal g., triang. L3.9 ± 1.7^(c)^3.7 ± 2.0^(c)^3.9 ± 1.8^(a),(b),(d)^**5.1 ± 1.9^a,b,(c)^** Supplementary motor area L5.8 ± 1.65.8 ± 2.15.2 ± 2.1**7.2 ± 2.3^a,(b),cc^** Paracentral gyrus L3.8 ± 1.74.0 ± 1.43.2 ± 1.6**4.7 ± 2.0^c^** Precuneus L6.7 ± 3.05.7 ± 2.9^(c)^6.4 ± 2.8^(b)^**8.2 ± 3.3^b,c^** Supramarginal gyrus L2.5 ± 0.6^(b)^3.1 ± 1.9^(a)^3.0 ± 1.1**3.8 ± 1.5^aaa,b,c^** Superior temporal gyrus L3.6 ± 1.43.2 ± 1.53.6 ± 1.3**4.8 ± 3.7^(a),b,cc^** Inferior frontal g., triang. R**4.4 ± 2.5^(b),c,(d)^3.4 ± 1.9^(a),cc,dd^4.4 ± 2.5^a,bb^4.9 ± 2.0^(a),bb^** Inferior frontal g., opercul. R**3.7 ± 1.4^c,dd^3.7 ± 0.2^(c),d^4.0 ± 1.4^a,(b)^4.6 ± 1.3^aa,b^** Precentral gyrus R**4.8 ± 1.6^c,dd^4.5 ± 1.4^c,dd^5.1 ± 1.5^a,b,(d)^6.1 ± 1.8^aa,bb,(c)^** Supramarginal gyrus R**2.2 ± 0.7^cc,dd^2.3 ± 1.3^c,d^2.8 ± 1.1^aa,b^3.2 ± 1.0^aa,b^** Superior temporal gyrus R3.7 ± 1.7**2.7 ± 1.2^a,c,dd^**3.6 ± 1.5^(d)^4.4 ± 2.0^(c)^ Inferior occipital gyrus R**1.3 ± 0.7^(b),c^1.0 ± 0.5^(a),cc,d^1.7 ± 0.9^a,bb,(d)^1.4 ± 0.6^b,(c)^**Sparse matrices only Lingual gyrus L19.5 -- 4.317.5 -- 3.516.8 -- 4.0**23.9 -- 5.6^(a),bb,c^** Calcarine gyrus L22.1 -- 5.2^(b)^20.8 -- 4.3^(a),(c)^20.8 -- 4.9^(b)^**32.0 -- 6.6^(a),bb,c^** Angular gyrus L61.5 -- 8.357.0 -- 7.157.8 -- 7.4**74.1 -- 10.4^b,c^** Superior parietal gyrus L57.9 -- 6.7**52.0 -- 5.9^(c),d^**57.7 -- 6.369.3 -- 8.8 Olfactory cortex R54.2 -- 6.3**39.1 -- 4.7^aa,(c),dd^**53.7 -- 5.961.6 -- 7.3 Inferior temporal gyrus R35.0 -- 5.7**26.0 -- 4.3^a,c,dd^**35.8 -- 5.439.7 -- 6.3 Middle temporal pole R41.4 -- 8.3**37.8 -- 6.4^a,d^**48.9 -- 7.458.5 -- 8.7 Superior temporal pole R58.9 -- 8.7**46.2 -- 6.6^a,c,dd^**63.0 -- 8.472.6 -- 9.2[^4][^5][^6]

The above-mentioned results were replicated for thresholded connectivity matrices across a wide range of sparsities (i.e., at least 7 of 9 sparsity levels). Small-worldness (Fig. [2](#BHU194F2){ref-type="fig"}*A*) and global efficiency were not significantly different between groups (all *P* \> 0.05). On the other hand, HCR was lower in both transsexual populations as compared with controls (subcortical/limibic right, Fig. [2](#BHU194F2){ref-type="fig"}*B*) and in MtF relative to the other groups (subcortical/limibic left). Similarly, LCW showed mostly significant differences for a single transsexual group, with increased LCW for MtF (Fig. [2](#BHU194F2){ref-type="fig"}*C*) and decreased LCW for FtM (Fig. [2](#BHU194F2){ref-type="fig"}*D*). For local efficiencies, FtM and MtF showed decreased and increased values for sparse matrices, respectively. However, different regions were identified depending on whether full or sparse matrices were used. Additional results are summarized in Tables [1](#BHU194TB1){ref-type="table"} and [2](#BHU194TB2){ref-type="table"}. Figure 2.Average structural connectivity for female controls (FC, blue), female-to-male transsexuals (FtM, red), male controls (MC, green), and male-to-female transsexuals (MtF, black) for sparse connectivity matrices thresholded between 10 and 50% network density. Small-worldness was not significantly different between groups (*A*). In contrast, HCR of right subcortical/limbic connections separated patients from controls (*B*). The decreased HCR in transsexuals was caused by increased LCW in MtF (*C*) and decreased LCW in FtM (*D*). Values show mean ± standard error. See Table [1](#BHU194TB1){ref-type="table"} for detailed statistics.

Discussion {#s4}
==========

Here, we investigated the structural connectome of female-to-male and male-to-female transsexuals before hormonal treatment using graph theory. Compared with healthy controls, HCRs and LCWs showed differences specifically for connections between subcortical/limbic and cortical regions. The LCWs as well as local efficiencies further indicated a separation instead of a transition of the 2 transgender groups.

In line with previous results, we observed lower TIV for women as compared with men ([@BHU194C30]; [@BHU194C16]). Interestingly, FtM transsexuals exhibited similar TIV as female controls, whereas MtF transsexuals were in-between male and female healthy subjects. Despite this variation in overall brain size, none of the global network metrics differed between groups, each comprising similar efficiency and small-world properties. Such changes may simply cancel out on a global level as the evaluation of hemispheric, lobar, and regional metrics revealed widespread differences across groups. First of all, the decreased HCR of right (and to a lesser extent of left) subcortical/limbic brain regions was the only parameter separating patients from healthy controls, independent of their biological sex. It is, however, important to note that these differences emerged from contrary alterations between FtM and MtF transsexual people. More precisely, the intrahemispheric connections of subcortical/limbic to frontal and temporal areas were decreased in FtM patients as compared with all other groups. As there are currently no further studies of structural connectivity available in these patients, why FtM show a further decrease (rather than an expected increase) in intrahemispheric connectivity ([@BHU194C24]) remains to be elucidated. On the other hand, increased interhemispheric connectivity between the subcortical/limbic and cortical regions mostly separated MtF transsexuals from the remaining subjects. Similar to the intermediate brain size of MtF patients, this might reflect a feminization as women exhibit stronger interhemispheric connections than men ([@BHU194C24]). Interestingly, functional connectivity was also found to be increased in transsexuals as compared with controls ([@BHU194C29]; [@BHU194C31]); however, a separate analysis for the 2 patient groups is still missing.

Since subcortical and limbic brain regions are key elements in emotional processing and psychiatric disorders, one might be tempted to associate the specific alterations described here with the disease state of transsexual people (i.e., the divergence between the biological sex and gender identity). However, the different nature (intra- vs. inter-hemispheric) and direction (decreased vs. increased) between FtM and MtF connectivity gives a more complex picture. That is, the observed differences may indicate that the strong desire to exhibit the opposite sex coupled with the psychological stress is accompanied by pronounced but distinct structural signatures for FtM and MtF, respectively. Again, the 2 patient groups also differed from control groups in their LCW, hence, exhibiting unique structural characteristics. A similar observation has been made for MtF transsexual patients as compared with male and female controls showing singular features of reduced thalamus and putamen volumes as well as increased gray matter volumes within the right insula and inferior frontal cortex ([@BHU194C44]) (further discussed later). Although causal relationships cannot be established in this study, it is possible that similar to gender identity and sexual orientation, these structural differences in brain organization are also already determined during pregnancy ([@BHU194C3]). However, only a quarter of cases with gender problems during childhood convert to transsexuality in adulthood ([@BHU194C55]). Hence, structural connections may alternatively differentiate during puberty, when the sexual organization of the brain is activated by sexual hormones ([@BHU194C39]; [@BHU194C52]). This is supported by recent studies of structural connectivity, demonstrating profound re-wiring from childhood to adulthood ([@BHU194C14]) and children showed markedly less pronounced gender differences than adolescents and adults ([@BHU194C24]). The influence of the different hormones in males and females during puberty may also explain the opposite changes in structural connectivity between FtM and MtF observed here. This, however, remains an issue of future investigations, as sexual reversal of 2 important brain structures involved in sexual behavior (bed nucleus of stria terminalis and the interstitial nucleus of the anterior hypothalamus-3) was not influenced by circulating hormone levels neither in transsexual people nor in controls ([@BHU194C60]; [@BHU194C28]; [@BHU194C15]).

Investigating the brain on a network level adds important information to local structural and functional alterations in transsexual patients. In this context, previous results and interpretations of regional differences suggest a transition from the biological sex to the actual gender identity. Although feminization and masculinization indeed occurs, for example for neuronal cell number ([@BHU194C60]; [@BHU194C28]; [@BHU194C15]) and activation ([@BHU194C17]) as well as gray matter volume ([@BHU194C48]) and cortical thickness ([@BHU194C61]), the identification of unique features of transsexual patients has been largely neglected in previous work. For instance, such an evaluation was impeded by the lack of both control groups in studies of cortical thickness ([@BHU194C33]), cerebral blood flow ([@BHU194C35]) as well as functional MRI ([@BHU194C46]) and connectivity ([@BHU194C29]). Other reports of white matter microstructure did not explicitly test for such unique differences of transsexual patients ([@BHU194C40]; [@BHU194C41]). In contrast to the above-mentioned findings, a detailed evaluation of voxel-based morphometry and subcortical volumetric measures indicated no feminization of MtF transsexuals but rather a difference as compared with male and female controls ([@BHU194C44]). Similarly, the only study investigating functional connectivity networks in transsexuals with both control groups demonstrated unique differences of patients (although transition analysis was missing) ([@BHU194C31]). The notion that gender identity is an innate characteristic, which emerges from a particular brain structure ([@BHU194C11]), is further substantiated by the current study, where most structural network metrics represented unique differences as compared with healthy controls. Taken together, these observations suggest that most local physiological aspects indeed undergo a biological transition to the gender identity, whereas characteristics on a network level may reflect the psychological stress accompanied by the psychiatric disorder. Of note, further abnormalities of structural connectivity networks have already been described in other psychiatric conditions. For instance, patients with major depressive disorder exhibited decreased structural connectivity within the default mode network as well as frontal and subcortical brain regions ([@BHU194C26]). Similarly, schizophrenic patients showed reduced overall network efficiencies and nodal degree as well as impairment of a specific fronto-parietal/occipital network ([@BHU194C59]).

For the regional network feature of local efficiency, we observed further singular differences of transsexual patients especially for the insular cortex. Importantly, the insula is activated during sexual arousal ([@BHU194C2]; [@BHU194C25]) and its dysfunction is related to sexual behavior abnormalities ([@BHU194C34]) and bodily self-consciousness ([@BHU194C21]). Moreover, its functional connections with the cingulate cortex may code for integration of emotional information into a subjective representation of the body ([@BHU194C53]), corroborating the relevance of the insula in sexual identity. On the other hand, we also found areas such as the right precentral and supramarginal gyri separating biological males from females ([@BHU194C19]), which was independent of gender identity. Still, differences between male and female controls were less pronounced than for transsexual patients. This is in line with a previous report of rather few sex differences ([@BHU194C14]), which might be attributable to a substantial overlap between men and women as demonstrated earlier ([@BHU194C19]). Such an overlap further explains the missing replication of previous sex differences in hemispheric and lobar connectivity ([@BHU194C24]). The latter issue may, however, be also related to methodological differences such as sample size, age range, and correction for brain size, where another study also did not observe sex differences in interhemispheric connections ([@BHU194C14]). Of note, the usage of non-thresholded or sparse matrices influenced the results on local but not macroscopic graph metrics. That is, several regions exhibited significant differences in local efficiency either for full or sparse matrices. We speculate that this effect might be related to increased noise at the regional level, which may cancel out for macroscopic parameters as these yielded stable results independent of the sparsity. Accordingly, a recent test--retest assessment of structural connectivity metrics reported better reproducibility for global than for local metrics ([@BHU194C37]). Taken together, it seems that macroscopic parameters offer reliable metrics for the assessment of group differences, whereas local ones should be interpreted with greater caution. Another limitation is that transsexual subjects did not provide exact dates when they experienced to belong to the other gender; hence, the evaluation of potential associations with the obtained network metrics will remain an issue for future research.

Conclusions {#s5}
===========

Investigating structural networks in female-to-male and male-to-female transsexuals, we observed differences in hemispheric and lobar connectivity as well as local efficiencies when compared with healthy controls. Previously reported regional characteristics of transsexual patients mostly represent the transition of the biological sex to the actual gender identity. Hence, our interregional findings add valuable complementary information as the evaluation on a network level revealed unique features, which seem to be specific for each of the patient groups.
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[^1]: Note: Full matrices are unthresholded; results from sparse (i.e., thresholded) matrices are considered if significance is observed in at least 7 of 9 levels of sparsity. Superscript characters indicate significant differences of 1 group as compared with female (FC^a^) or male controls (MC^b^), female-to-male (FtM^c^) or male-to-female transsexuals (MtF^d^).

[^2]: Subc., subcortical; L, left; R, right; HCR, hemispheric connectivity ratio; LCW, lobar connectivity weight.

[^3]: Bold values denote significance at ^a^*P* \< 0.05, ^aa^*P* \< 0.01, and ^aaa^*P* \< 0.001; trends for statistical significance are denoted in brackets (^a^). If only 1 group shows significant differences, characters are only indicated there. Mean ± standard deviation represents raw values, whereas significant differences include correction for TIV.

[^4]: Note: Full matrices are unthresholded; results from sparse (i.e., thresholded) matrices are considered if significance is observed in at least 7 of 9 levels of sparsity. Superscript characters indicate significant differences of 1 group as compared with female (FC^a^) or male controls (MC^b^), female-to-male (FtM^c^) or male-to-female transsexuals (MtF^d^).

[^5]: Triang., triangular part; opercul., opercular part; L, left; R, right.

[^6]: Bold values denote significance at ^a^*P* \< 0.05, ^aa^*P* \< 0.01, and ^aaa^*P* \< 0.001, trends for statistical significance are denoted in brackets (^a^). If only 1 group shows significant differences, characters are only indicated there. Raw values are given as mean ± standard deviation (full matrices) and as mean for 10--50% sparsity (sparse matrices); significant differences include correction for TIV.
